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FOREWORD 


This  report  presents  the  results  of  experiments  designed  to  investi¬ 
gate  the  relationship  between  animal  tolerance  to  air  blast  and  the  ambient 
pressure  existing  at  time  of  exposure.  The  tolerance  of  rats,  guinea  pigs, 
dogs,  and  goats  exposed  in  shock  tubes  to  reflected  pressures  with  dura¬ 
tions  of  lb  to  J5  msec  at  experimental  ambient  pressures  ranging  from 
5  to  42  psia  was  explored.  The  results  indicated  .he  effects  cf  ambient 
pressure  on  mammalian  response  to  "  sharp  "-rising  overpressures  of 
"long"  duration  were  quite  significant;  vis.,  lethal  overpressure  varied 
by  factors  of  4  to  5. 

The  findings  may  be  applied  to  problems  involving  the  scaling  of  bio¬ 
logical  blast  effects  to  differences  in  altitude  ~  potential  blast  exposure 
in  pressurized  or  evacuated  locations.  They  «.e  also  of  significance  in 
.he  evacuation  of  blast-produced  casualties  by  air  or  other  methods  in¬ 
volving  ambient  pressure  changes. 

This  study  is  part  of  a  broad  program,  the  aims  of  which  ar^  the 
accurate  prediction  of  numan  tolerance  to  air  blast  and  the  development 
of  appropriate  procedures  for  the  diagnosis,  prognosis,  and  treatment  of 
blast  injuries. 


ABSTRACT 


Seventy-six  dogs,  43  goats,  21  l  rats,  and  255  guinea  pigs  were  ex¬ 
posed  to  reflected  shock  pressures  at  ambient  pressures  ranging  fro  n  5 
to  42  psia  in  air-driven  shock  tubes.  Animal  tolerance,  expressed  is 
LD 30-one -hour  overpressures  rose  progressive^'  as  the  ambient  pres¬ 
sure  was  increased. 

By  analysis  of  the  results  of  this  study,  combined  with  those  from 
previous  shock-tube  investigations,  a  general  equation  for  the  regression 
of  LD50  pressure  on  ambient  pressure  for  mammals  was  derived.  From 
this  equation  and  previous  estimates  of  the  LD50  pressure  for  man's  tol¬ 
erance  to  overpressures  of  400-msec  duration  at  an  ambient  pressure  of 
12  psia  ,  an  equation  relating  LO5Q  pressure  to  ambient  pressure  was 
developed  for  the  70-kg  mammal 
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THE  EFFECTS  OF  AMBIENT  PRESSURE  ON  TOLERANCE 
OF  MAMMALS  TO  AIR  BLAST 


Edward  G.  Damon,  Charles  S.  Gaylord,  William  Hick*, 
John  T.  Yelverton,  Donald  R.  Richmond,  and  Clayton  S.  White 


INTRODUCTION 


Investigations  have  established  that  injuries  from  exposure  to  air 
blast  occur  more  ofren  in  air -containing  organs  than  in  other  regions  of 
the  body.  3  “3  3  As  the  lungs  are  very  delicate  air-containing  structures 
and  are  more  susceptible  to  blast  injury  than  other  vital  organs,  most  of 
the  causes  of  death  from  primary -blast  effects,  such  as  coronary  and 
cerebral  air  embolism  and  pulmonary  insufficiency  may  be  traced  di¬ 
rectly  or  indirectly  to  pulmonary  injuries. 


A  proposed  biophysical  mechanism  of  air-blast  injury,  which  has 
gained  increasing  consideration  in  recent  years,  is  that  injury  results 
from  implosion  of  tissue  and  fluids  into  gas  -  c ontaining  organs  as  an 
effect  of  violent  compression  of  the  body  by  the  positive  phase  of  a  blast 
wave.  1  * '  3  2  Th  is  concept  suggests  a  direct  relationship  between  the  ex¬ 
tent  of  lung  injury  and  the  change  in  volume  which  lungs  lergo  when 
subjected  to  a  blast  load.  Furthermore,  the  degree  of  change  in  lung 
volume,  in  relation  to  the  magnitude  of  the  blast  overpre  *  sure,  would  be 
affected  by  the  ambient  pressure  existing  in  the  lungs  at  ths  time  of  blast 
exposure. 1 3 


Experiments  involving  exposure  of  mice  to  air  blasts  at  different  at¬ 
mospheric  pressures  have  verified  that  ambient  pressure  does  affect 
animal  tolerance  to  air  blast.  34,  15  Therefore,  studies  were  extended  to 
include  other  mammalian  species  in  order  to  devise  methods  of  defining 
the  efiects  of  ambient  pressure  on  human  tolerance  to  air  blast. 

This  report  presents  the  result#  of  experiment#  in  which  rats,  guin- 
ea  pigs,  goats,  and  dogs  were  exposed  st  d.fferent  ambient  pressures  to 
long-duration  reflected  pressure*  in  shock  tubes. 


MATERIALS  AND  METHODS 


General 

The  effects  of  ambient  pressure  on  animal  tolerarvceio  air  blaap  were 
explored  by  exposing  rat*,  guinea  pigs,  dogs,  and  goat*  shock  waves  at 
•  Itered  ambient  pressures  m  shock  tube*.  Previous  studies  have  shown 
that  compression  or  decompression  of  animals  soon  after  blast  exposure 
significantly  affected  the  lethality.  34  Therefore,  in  this  study,  all  ani¬ 
mals  were  held  at  the  experimental  ambient  pressure  (P,)  tor  one  hour 
following  blast  exposure  before  returning  them  to  the  ambient  pressure 
level  iPQ)  of  the  laboratory.  Lethality  was  assessed  during  this  one- 
hour -ho  Id  period. 
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Shock  Tube » 


12-Ir.ch  Diameter  Shock  Tube 

The  12-inch  diameter  chock  tube  used  for  exporing  rata  and  guinea 
piga  haa  been  described  in  a  previoua  report.  1 6  For  the  preaent  atudy, 
the  endplate  of  the  tube  i  t_>  fitted  with  a  transparent  window  for  obaerv- 
ation  of  the  animala  dur*..g  the  pcat-ahot,  one-hour-hold  period.  Each 
animal  waa  expoaed  to  a  reflected  shock  wave  in  a  wire  -  meah  cage 
mounted  inaide  the  chock  tube  againat  the  endplate.  Procedural  details 
for  conducting  these  exposures  have  been  reported.  1 5 

24-40-Inch  Diameter  Shock  Tube 

The  shock-tube  arrangement  in  which  dogs  and  goata  were  expoaed 
is  shown  in  Figure  1.  The  tube  consisted  of  a  compression  chamber  24 
in.  in  c.ameter  and  3  ft  long,  and  an  expansion  chamber  43  ft  10  in.  in 
length  constructed  of  three  sections:  (1)  a  20  -  ft  length  of  24-m.  diameter 
pipe  connected  to  the  compreaaion  chamber.  (2)  a  transition  section  46 
in.  in  length  wnich  increased  the  diameter  of  the  tube  from  24  to  40.  5  in., 
and  (3)  a  teat  section  hav  ng  a  diameter  of  40.  5  in.  and  a  length  of  20  ft. 
A  storage-tank  reservoir,  connected  to  the  expansion  chamber,  waa  uaed 
to  hold  the  desired  pre-shot  pressure  level  in  the  expansion  chamber  by 
adding  to  or  reducing  pressure  as  required. 

A  diaphragm,  consisting  of  sheets  of  Du  Pont  Mylar  plastic,  sep¬ 
arated  the  compression  and  expansion  chambers.  Each  sh“et  of  Mylar 
(0.  01  in.  thick)  had  a  bursting  pressure  of  approximately  20  psi  in  this 
tube.  The  compression  -  chamber  pressure  necessary  to  produce  the 
desired  reflected  overpressure  dose,  was  achieved  by  using  an  appro¬ 
priate  number  of  plastic  sheets. 

The  dogs  and  goats  were  mounted  against  the  endplate  closing  th* 
test  section,  right- side -on  to  the  incident  shock  with  a  restraining  har¬ 
ness  constructed  of  l -in.  nylon  webbing.  Electrocardiograph  (ECG)  leads 
were  attached  to  the  animals  and  passed  through  a  hole  in  the  endplate  to 
a  Sanborn  Twin-Beam  ECG.  The  ECG  output  was  monitored  visually  on  a 
cathode-ray  oscilloscope  to  determine  the  time  of  death  of  each  animal. 

Pressure-Time  Measurements 

Three  pieioelectnc  pressure  transducers  w  ere  used  cn  each  te st  — 
two  to  measure  the  peak  reflected  pressures  and  one  to  record  the  pre¬ 
shot  and  post  -  ahot.  pressure-time  events.  Details  of  pre e sure -gauge 
recording  and  calibrating  systems  have  been  previously  reported.  *  8 

For  measuring  peak  reflected  presaurea,  two  preaanre  gauges  con- 
'airung  sensors  of  lead  metamobate  (Model  ST-2,  Susquehanna  Instru¬ 
ment#,  Bel  Air.  Md.  )  were  mounted  fluah  with  the  inside  wall  of  the  tube 
3  in.  upstream  from  the  endplate.  This  arrangement  placed  the  gauges 
directly  above  the  ba^k  of  the  animal.  The  mean  of  the  peak  reflected 
pressuree  recorded  by  the  two  gauges  was  taken  as  the  overpressure  dose 
for  s  given  test.  A  typical  pre ssure -time  waveform  recorded  by  one  of 
these  gauges  is  shown  in  Figure  2. 

Pre-shot  and  post-shot,  pressure-time  events  were  recorded  with  a 
quarts  piesoelectric  pressure  transducer  (Model  PZ-14.  Kistler  Instru¬ 
ment  Corp.  ,  N.  Tonawanda,  N.  Y.  )  mounted  in  the  wall  of  the  tube  9  in. 
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Figure  2.  Typical  Prefeure -Time  Waveform  Recorded  by  Gauge 
)  Inche#  from  Endplatt. 


upstream  from  the  endplate.  The  signal  from  this  gauge  was  passed  via 
a  Kistler  Amplifier  -  Calibrator  into  a  cathode -ray  oscilloscope.  The 
•weep  on  the  oscilloscope  was  set  at  5  sec /cm  and  manually  triggered  to 
record  the  following: 

(1)  pressure  change  from  P0  to  Pj, 

(2)  decompression  from  the  immediate  post-shot,  static 
pressure  level  (Pjj)  to  Pj,  and 

(3)  decompression  from  Pj  to  P0.  This  step  was  per¬ 
formed  after  the  animal  was  dead  (as  determined  by 
the  ECG)  or,  in  the  case  of  survivors,  one  hour 
following  the  shot. 

Pre-shot  and  post-shot  pressurization  and  decompression  times  were 
also  measured  with  a  stopwatch. 

Pressure-Time  Sequences 

The  sequences  of  pressure-time  events  to  which  the  animals  were 
exposed  in  each  experiment  are  illustrated  in  Figures  3  a-d.  Presented 
in  these  figures  are  the  mean  times  and  pressures  for  the  tests  conducted 
at  experimental  ambient  pressures  of  7,  12,  15,  and  18  psia. 

Referring  to  Figure  3d.  the  mean  rise-time  (the  change  in  pressure 
from  PG  to  Pi!  i.  e.  ,  t\ )  was  7  seconds.  The  time  at  Pj  pre-shot  (t^ )  was 
443  seconds.  With  the  rival  of  the  shock  wave,  the  pressure  rose  near- 
instantaneously  to  the  .eflected  shock  level  (  AP  ).  The  positive -phase 
duration  of  the  initial  reflected  wave  was  36  msec  (tj).  Following  the 
shot,  the  pressure  became  stabilized  in  the  tube  at  30  psia,  P^.  It  was 
retained  at  this  level  for  17  seconds  ( 14 )  before  it  could  be  returned  to 
Pj  in  6  seconds  (ts).  The  animals  were  then  retained  at  thia  pressure 
le  '1  for  01  e  hour  (tfc),  after  which  they  were  decompressed  to  PQ  in  7 
seconds  (t7, 

Experimental  Animals 

The  number,  type,  and  body-weight  data  for  animals  exposed  in  this 
study  are  given  in  Table  1.  Both  sexea  were  used  in  all  groups. 

In  order  to  check  for  possible  effects  of  the  pre-shot  and  post-shot 
pressure  changes  to  which  the  animals  were  subjected,  controls  were  ex¬ 
posed  to  the  most  rigorous  combinations  of  increase,  hold,  and  release 
of  pressure  (minus  the  blast)  experienced  by  the  test  snimals.  No  effects 
from  these  pressure  changes  were  detected  in  the  control  snimals. 

Fatalities  were  autopsied  soon  after  death:  survivors  were  sacrificed 
on  the  day  following  exposure. 

Analysis  of  the  Data 

The  reflected  pressures  required  to  produce  50 -per  cent  lethality 
(LD50)  for  each  experiment  were  determined  by  probit  analysis  of  the 
one-hour-lethality  data.  19  St  atis'ical  analyses  indicated  no  significant 
differei.  es  in  the  slopes  cf  the  probit  regressions  for  the  various  tests 
at  the  95-per  cent  confidence  level.  As  a  result  of  these  analyses,  a  set 
of  parallel  probit  regressions  for  each  species  was  fitted  to  the  data  (or 
all  of  the  experiments.  LD50  pressure*  and  their  95-per  cent  (iducials 
were  obtained  from  these  parallel  regression*. 
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Figure  3  (a-b).  Overall  Preeeure -Time  Profile*  at  Ambient 
Pressure*  of  7  and  .2  Psia. 
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TABU  1 


ANIMALS  EXPOSED  TO  AIK  BLAST  AT  Dim  RENT  AMBIENT  PRESSURES 


Spoelaa 

ExfirimtaUl 
Amkiaad  Preaeera. 
silt 

ft  am  bar 
el 

Animal  a 

Body  Walaht. 

Mean  4  Ranae 

irtm* 

Standard 

Deviation 

Rat* 

7.0 

20 

201.  1 
(170-227) 

a  12.4 

(Sprague  Dawlay) 

12.0 

40 

US.  4 
(142-211) 

a  11.4 

14.7 

27 

174.1 

(117-210) 

a  14.0 

IS.  0 

74 

172.  1 
(170-217) 

all.. 

42.0 

40 

171.  2 
(140-271) 

a  22.4 

Total 

211 

171.0 

(157-271) 

a  17.  6 

Gain*  a  Ptge 

5.0 

4) 

ill.  1 
(400-091) 

al44.4 

(Ia|li»k  Breed) 

7.0 

74 

119.  1 
(401-092) 

alls.  4 

12.0 

10 

421.4 

(400-471) 

a  20.1 

IS.  1 

1) 

4)1.  1 
(177-497) 

a  21.4 

40.0 

45 

4)1.4 

(400-100) 

a  27.4 

Total 

255 

471.  5 
(177-092) 

4127,5  _ 

Dag* 

7.0 

11 

10.  7  kg 
(11  24.  7) 

a  2.7 

(Maagral) 

12.0 

1? 

17.  1 

(10.2-21) 

a  4.0 

1S.0 

10 

17  1 

_ ILLJbiLii _ 

a  ).  1 

Total 

74 

17.  • 

...  110.2-27.)) 

a  ).  5 

Gnu 

7.0 

27 

21.  7  kg 
(1  !-)2.  )| 

->1.0 

(Miaad  Broad) 

11.0 

Ji _ 

>1.2 

m.i  •<>•»} 

a  11,  1 

Total 

4) 

24.0 

(14.1-41.0) 

*  t.  1 

Total 

Ml 
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RESULTS 


Pathological  Findings 

The  type*  of  lesions  sustained  by  the  animals  exposed  to  air  blast  at 
different  ambient  pressures  were  not  different  from  those  generally  re- 
por.ed  in  the  literature  on  Blast  Biology.  The  major  types  of  injuries 
exhibited  were  lung  hemorrhage  ,  arterial  air  embolism,  hemothorax, 
pneumothorax,  hemorrhage  of  the  spleen,  kidneys,  liver,  walls  of  the 
gastrointestinal  tract,  intercostal  regions,  and  sinuses,  and  rupture  of 
the  eardrums,  sometimes  with  disruption  of  the  auditory  ossicles. 

Results  of  the  Probit  and  Regression  Analyses 

Results  of  the  probit  analysis  are  summarised  in  Table  2.  Presented 
are  the  probit  equation  constants,  LD50  pressures, and  ambient  pressures 
for  each  experiment.  The  results  indicate  that  for  each  species  the  LD50 
pressures  rose  with  increasing  ambient  pressure.  Parallel  dose-response 
curves  fitted  to  the  data  are  presented  in  Figures  4-7. 

All  tolerance  values  obtained  to  date  for  the  five  soeci' s  of  animals 
used  in  ambient-pressure  studies  are  presented  in  Table  3.  Regressions 
of  the  form,  log  y  =  a  +  b  log  x  (where  y  =  the  LD50  pressure  in  nsig,  a  = 
the  intercept  constant,  b  s  the  regression  coefficient,  and  x  -  the  experi¬ 
mental  ambient  pre ssure  in  psia),  were  obtained  for  each  species  from 
these  data.  Because  the  slopes  of  these  regressions  were  not  significantly 
different  at  the  95-per  cent  confidence  level,  a  set  of  regressions  having 
common  slopes  was  fitted  to  the  data.  These  curves  and  their  equations 
are  shown  in  Figure  8. 


DISCUSSION 

Effects  of  Ambient-Pressure  Changes 
on  Animal  Tolerance  to  Air  Blast 

The  results  of  this  study,  which  indicate  that  five  species  of  mam¬ 
mals  exhibit  uniformly  increasing  tolerance  to  air  blast  with  increasing 
ambient  pressure,  are  directly  applicable  to  animal  response  to  "sharp"- 
rising  reflected  pressures  of  "iong"  duration.  The  data  apply  only  indi¬ 
rectly  to  situations  involving  animal  exposure  to  non-ideal  waveforms  or 
blast  waveforms  having  positive-phase  durations  shorter  than  1  -2  msec 
for  mice,  2-3  msec  for  guinea  pigs  and  rats,  and  about  15  msec  for  dogs 
and  goats.  20.  21 

Results  obtained  here  were  comparable  to  those  reported  by  Holder 
and  WohUogen  involving  exp'osive  compression  of  rate  from  initial  pres¬ 
sures  of  1-3  atmospheres  to  final  pressures  of  2-12  atmospheres,  with 
rise  time  to  final  pressure  near  i  msec,  and  animals  returned  to  normal 
atmospheric  pressure  in  approximately  3  seconds  after  the  test(l  atmos¬ 
phere  -  14.7  psia).22  LD5Q  values  for  imtial  pressures  of  l ,  2,  and  3 

atmospheres  computed  from  probit  regression  equations  were  34.5,  69.0, 
and  100.4  ptig,  respectively.  These  values  compare  favorably  with  rat 
LD50  pressures  of  38.8,  68.8,  and  96.  3  psig  for  initial  pressures  of  I, 
2,  snd  3  atmospheres,  respectively,  in  the  present  study. 


i 


i 


i 


i 


« 


« 


lau 

T.S 

so 

Xus* 

IS.  0 

40 

Kata 

14.  7 

J7 

Rata 

14.1 

74 

Rata 

41.0 

40 

On —a  Pl|i 

1.0 

4) 

Galaaa  fl|a 

7.1 

74 

Oaiaaa  Pl|) 

U.t 

10 

Cvlaaa  1*1(4 

lft.1 

11 

Oaiaaa  N|< 

M.I 

41 

Da** 

T.l 

H 

Oaya 

IS.  • 

11 

is.  a 

M 

Caata 

T.l 

11 

Qaata 

i*.  a 

14 

% 

f 

<§> 

» 

* 


analysis 


LO^O 

ItOtciN  Pmmn, 

AP  l(fl|) 

r<ju*t-,o*  Coartaitfr 

Intercept.  I 

» 

IS.  0 

(SO  l-ll.l) 

-14.  040 

14.  lift 

10.1 

(il.l-U.lt 

-17.  017 

14  (10 

41.  1 

DO.  i-41.  8) 

•  II.  Ill 

14.  lift 

» 

44.  t 

(41.1-40.1) 

•  11.441 

14  lift 

11.  4 

(II.  1-10L6) 

-14.  Ill 

14. 410 

11.4 

(IS.  4-14.  41 

•11.774 

14. 110 

> 

20.  4 

07.4-11.4) 

.14.  117 

14.  410 

14.  4 

(IS.  1.J7. 1) 

•  17.  714 

14.  110 

M.  I 

IW.  7-17.0) 

•  SO.  441 

14.  110 

1 

104.  S 

(17. 1-110.  0) 

-14.  104 

14  110 

II.  1 

(SI.  1-)).  1) 

-17. 1M 

14. 410 

11.  7 

(44.1-11.4) 

10.  414 

14. 110 

1 

70.4 

(41.1-74.1) 

..SI.  141 

14. #S« 

SI.  1 

(11.  4-17.  S) 

•>1.  741 

14.  410 

V4.  1 

(II.  1-41. I), 


•  as.  hi 


14  II « 


IICrUCTtD  (NOCK  MCSSUNC,  Ml* 

10  20  SO  40  SO  (0  TO  ao  to  too  ISO 


tt 

«) 
•  0 

to 

TO 

(0 

so 
40 
so 
1 0 

10 

s 

I 


Figure  7.  Probu  Mortality  Linea  for  Goat*  Expo*ed  to  Reflected 
Pre*iure*  of  }5-M*»c  Duration  at  Vanou*  Ambient 
Pressure*. 
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The  animal  exposure*  in  the*e  experiment*  differed  from  the  true 
blast  *ituation  in  the  open  in  that  the  pre**ure  in  the  shock  tube ,  after 
each  shot,  momentarily  stabilized  (11-17  aeconda)  at  a  atatic  level  above 
that  of  the  pre-ahot  ambient  preaaure  before  it  could  bo  reduced  to  the 
experimental  ambient-preaaure  level.  Thia  difference,  however,  waa 
probably  of  little  biological  significance  because  the  LD50  v*iue#  obtained 
in  the  studies  for  guinea  pig*  and  dogs  at  the  normal  ambient  pressure 
(12  psia)  were  in  good  agreement  with  those  previously  obtained  fr^m 
animal-blast  exposures  free  of  *uch  aberrations;  for  example,  the  34.6- 
and  53.  7-p*ig  values  for  guinea  pigs  and  dogs,  respectively,  in  the  pres¬ 
ent  study,  as  compared  with  34.  5  and  52.  9  psig  for  these  species  exposed 
in  a  shock  tube  with  open  vents  at  1  2  psia  to  overpressures  of  near  400- 
msec  duration.  17,23  Additional  similar  comparisons  suggest  that  it  was 
the  initial  "sharp"  rise  in  pressure  and  the  duration  of  the  positive  phase  ot 
the  blast  wave  that  were  significant  in  causing  lethal  blaat  injuries,  and 
nof  the  immediate  post-shot  pressure  events  to  which  these  animals  were 
subjected.  Because  lethality  was  assessed  during  the  one -hour  ,  post¬ 
shot  period  in  which  survivors  were  held  at  the  experimental  ambient- 
pressure  level  before  returning  them  to  the  normal  atmospheric  pressure 
level,  the  mortality  data  can  be  considered  free  of  any  bias  due  to  this 
last  pressure  change. 

The  partial  pressure  of  oxygen  (PO^)  in  the  ambient  air  during  the 
post  -  shot,  one -hour-1  old  per. od  was  dependent  upon  the  experimental 
ambient  pressure  (Pi).  Control  experiments  indicated  that  animals  not 
•ubjected  to  blast  injury  tolerated  the  lowest  and  highest  pressures  (with 
their  attendant  Poj  values)  for  the  times  involved  in  the  experiments 
without  detectable  effect*.  Po**ible  effect*  of  difference*  in  the  Pq^  on 
one-hcrur  *urvival  of  bla*t-injur«d  animal*  in  experiment*  of  thi*  type 
have  not  yet  been  investigated. 

E*timate*  for  the  70-Kg  Mammal 

A*  the  curve*  presented  in  Figure  8  have  common  slopes,  their  re¬ 
gression  coefficient  wii  used  m  deriving  the  following  general  equation 
for  mammals: 

log  y  —  a  ♦  0.  828  log  x 

where:  y  *  the  LD50  pressure  in  psig 

a  *  the  intercept  constant  for  a  particular  species 
x  ■  the  ambient  pressure  at  exposure  in  psia 

An  equation  for  the  70-kg  mammal  was  then  derived  from  this  gen¬ 
eral  equation.  The  estimated  L.D5Q  pressure  of  52  psi  st  an  ambient 
resaure  of  12  peia,  as  previously  reported,  for  the  70-Vg  mammal 
aa  used  in  order  to  obtain  the  intercept  constant  for  the  regression.  The 
resultant  curve  and  its  equation,  presented  in  Figure  9,  may  tentatively 
be  used  lor  estimating  human  tolerance  to  "sharp"- rising  overpressures 
of  "long"  duration  at  different  ambient  pressures.  It  should  be  noted  that 
all  data  on  which  the  regression  is  based  were  obtained  from  blast  expo¬ 
sure  of  animals  against  reflecting  surfaces. 
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REGRESSION  EQUATION: 

Log  y  •  0.  82)  ♦  828  log  x 
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Figura  9.  Pradictad  Effacta  of  Ambitnl  Praaaura  on  Tolaranca  of  tha 
70-Kg  Mimrul  to  "Long'1 -Duration  Ovarpraaaura . 


Pressure  Ratio 


The  data  in  Table  3  indicate  that  the  ratio  of  the  LD50  reflected  pres¬ 
sure  (AP)  to  the  experimental  ambient  pressure  (Pj)  generally  decreased 
with  increasing  ambient  pressure.  This  trend  was  clearly  indicated  by 
the  mouse  and  rat  data,  but  was  less  evident  from  the  data  for  the  other 
three  species. 

The  fact  that  the  LDsO'AP/Pj  pressure  ratio  did  not  tend  to  remain 
constant  with  changes  in  Pi  was  indicated  in  10  of  16  experiments  at  altered 
ambient  pressures  where  the  LD50-AP/PJ  ratio  was  outside  the 95-p«r  c  nt 
confidence  limits  of  this  ratio  for  the  given  species  at  normal  ambient 
pressure  (12  psia).  As  the  majority  of  these  data  do  not  indicate  that  the 
LD50  pressure  ratio  is  a  constant  for  each  species,  the  curves  and  re¬ 
gression  equations  presented  in  figures  8  and  9  should  be  used  for  scaling 
LD50  pressures  to  differences  1  imb  nt  pressure  instead  of  using  the 
normal  LD^Q-pressure  ratio  as  a  factor  for  biological  blast  scaling  as 
tentatively  suggested  in  an  earlier  work.  14 

Practical  Implications 

The  results  of  these  studies  have  eig  'fie ant  implications  in  assessing 
hazards  from  blast  exposures  in  pressurized  or  evacuated  spaces,  such 
as  caisson  tunneling  and  mining  operations,  cabins  of  aircraft  aloft,  space 
capsules,  and  perhaps  underwater  for  certain  conditions  of  exposure.  For 
example.  11  a  given  biological  response,  such  as  50-per  cent  lethality, 
results  from  exposures  to  'Tong"-duration  blast  wave*  wit!  peak  pressures 
near  60  psi  at  a  sea-level  surface,  then  where  an  ambient  air  pressure  of 
3  atmospheres  exists,  peak  pressures  of  slightly  mors  than  ISO  psi  would 
be  required  to  produce  the  same  effect;  e.  g. ,  underwater  tunneling  has  been 
car  r  u  out  above  and  below  the  ambient  pressures  noted  here  and  explosions 
in  such  locations,  all  other  factors  being  comparable,  would  be  less  has- 
ardous  than  at  sea  level. 

The  meaning  of  the  present  study  as  far  as  underwater  blast  is  con¬ 
cerned  is  more  difficult  ’0  assess  for  a  number  of  reasons.  Among  them 
are  complicating  events  chas  the  depth  of  the  water  and  explosive  charge; 
t!:.;  location  of  the  target  with  respect  to  the  water  surface  and  the  bottom: 
positive  reflections  from  the  latter,  the  magnitude  of  which  —  among  other 
things  —  is  a  function  of  the  nature  of  the  bottom;  and  negativr  reflections 
from  the  surface,  which  critically  influence  the  duration  of  the  overpres¬ 
sure,  the  pulse  being  very  ehort  for  near-surface  locations  and  progres¬ 
sively  longer  with  increasing  depth.  Also,  there  ie  the  fact  that  the  dura¬ 
tions  of  blast  overpressures  in  water  are  generally  much  shorter  than  in 
air.  Too,  there  are  no  doubt  differences  in  the  efficiency  with  which  en¬ 
ergy  ie  imparted  to  a  biological  target  by  blast  waves  in  air  on  the  one 
hand  and  in  water  on  the  other.  Such  factors  make  it  clear  that  a  straight¬ 
forward  inci  ease  in  blast  tolerance  may  or  may  not  occur  for  exposures 
at  incre?  sing  depths  underwater.  Without  question,  the  matter  is  complex 
and  is  hardly  within  the  scope  of  the  experiments  reported  and  die  <eeed 
here. 

Implicit  in  the  present  study,  but  documented  elsewhere^.  10.  14,  15 
the  fact  that  poet-exposure  pressure  changes  have  important  effects  on 
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chance*  of  survival  of  those  injured  by  blast.  As  movement  and  evacuation 
of  blast  casualties  may  entail  subjecting  them  to  changing  ambient  pres¬ 
sures,  those  who  treat  blast  casualties  should  know  and  remember  that 
decompression  is  very  hazardous  to  blast  patients,  particularly  if  it  occurs 
soon  after  injury  such  as  during  early  air  evacuation.  In  contrast,  imme¬ 
diate  or  early  compression  nas  reduced  mortality  significantly  in  experi¬ 
mental  animals  and  no  doubt  would  be  effective  in  man;  viz. ,  blast  injury 
occurring  in  fligl'  in  aircraft  would  subsequently  be  benefitted  by  flying  at 
the  lowest  practical  altitude. 

Finally,  though  the  results  of  the  present  study  clearly  indicate  am¬ 
bient  pressure  is  a  physical  parameter  of  major  importance  in  specifying 
blast  effects,  investigations  to  date  have  been  limited  to  assessing  animal 
response  to  "sharp"- rising  overpressures  of  "long"  duration.  Further 
work  will  be  required  to  demonstrate  that  ambient  pressure  variation  is  of 
significance  either  for  non-ideal  waveforms  or  for  blast  overpressures 
enduring  for  quits  short  periods  of  time. 
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1.  ORIGINATING  ACTIVITY  Enin  Dm  naa.  iM  Kklr... 
o(  tke  contractor,  awbc  era  r  actor.  Dryotarat  of  Do- 

(on  mo  act  tvt!  y  or  aiMr  argaruaatton  ( c  aipe/a*a  out  So*)  ttawtap 
th*  taper*. 

2  m-  XEPOKT  1ECU1RTY  CLAMIFKZATIOtt  Cater  tka  a  ear*  1 
*11  aecurity  claaaificat mm  o 4  tKa  rap  an.  InPicaca  -katka* 
“Raatrictad  Data"  ic  inclePeP  Marking  ta  la  A*  ta  accord 
ance  with  appropriate  recur  tty  regulatleaa. 

2l.  G XO CIP*  A -Wewwtr  <iaaya4l^  la  la  DaO  ENr 

recti  re  52<XX  10  aaP  ArweP  Farcer  InPeetrlaJ  Manual  Kata* 
t  So  group  nuwPer  Alta.  when  applicable,  all  aw  that  apt  >  an*, 
working*  *•"«  bee*  eanP  far  Greiap  1  Mi  Ore**  4  a*  aetkar- 
i*eP. 

X  XIPOUT  TTTUL  Craar  ilia  cMpfate  tepee i  tit  la  la  all 
capital  letter*.  Tltlaa  la  all  caaaa  akawlP  Aa  vKlaeaf/ieP. 

U  a  ■aaala^al  IHU  canwa*  ka  arlactai  wttkM  cleeeifUw 
tien,  ekew  titia  cUeaiflcatAea  la  all  capital*  la  parerakeei* 
t— fillaataj  tka  utle. 

A  DDCfimvi  NOTES  If  appreprlaie.  aaaar  tka  type  o4 
tepee i.  *.p,  iaaia.  paprta.  Nwaar.  aamal.  or  flaw!. 

Gtva  tN>  unclueive  Pate*  aAaa  a  apacUw  rap*  it  lag  perieP  ir 
caver  eP. 

V  AUTHORS)!  law  tka  mo*<«)  of  awtkap a)  aa  Paaa  aa 
ar  la  tka  r  apart,  talar  loot  mo  mo,  foot  mom  a.  aiiir  initial 
If  aw.  1  Mary,  ala*  rap  aai  Wwvch  *f  Mntca  TA*  mar  #f 
(At  prutctpaJ  ewtkar  la  an  ataalata  amama  rapwiaaraC 

A  ItCPOtrr  DATS  talar  tka  Cara  af  ike  raptrt  aa  Par. 
•walk,  r aar.  or  a*Pl|  yam  If  aiara  lA*a  ana  Pat#  ppaai 
on  tka  apart,  a**  Pal  a  at  pPIkatlM 

Ta  TOTAL  mnm tr  or  FACE *  TW  talal  papa  caarP 
akawlP  follow  newel  papiaaiiari  procaPwra.  l>w,  enter  ike 
«MPa  af  papa#  rarPaaiiap  iPwaanra 

7k  WIMKI  or  RI7UIHCU  Lm«  tka  tatal  aiapar  af 
itfara**  c  Map  la  lA*  rpai 

la  CO  XT*  ACT  OT  GX  AXT  AUMEt  If  ^praprlata.  Mar 
ike  appJkc  ekle  weaker  af  ika  crawtcl  ar  p*a  wePer  «*»<k 
tka  r apart  a»aa  antiaa 

U,  Ic.  Ala  PMOJtCT  NlMOt  Emw  tka  »prigrteta 
aiht  ary  Pep  an  w *a  tPewtlflc  etiea.  aacA  aa  p*|*ct  a«Arr. 
aebprejact  aaaPav,  rtara  aaa»kara.  tank  maaPar.  ate. 

fa  extent  a  to*  xcxoxt  xinxftEx<sv  t*t«  iw  *in- 

cial  r apart  awakar  Ay  akch  tka  Paco ai i wi  will  A*  iPMifieP 
aaP  central!  eP  Ay  tka  erigieatMg  act  tatty.  Tkta  wnnA  r«  aural 
fa  wMfua  ta  tk*a  r apart. 

•A  OT HEX  RKFOVT  NUIMRUKI):  If  tka  rape*  horn  keen 
•aatgneP  arty  at  Aar  rap  an  wa*ai  fariAar  Ay  (ka  enftwar ar 
ar  Ay  tka  a*  JMarj.  alaa  war  tAw*  MraAatll. 


10.  AVAILABILITY  LIMITATION  NOTICES  Enter  aay  llaa 
it  at  tana  aa  ftpikar  Piaaewuiatkoa  of  tka  raporl.  otWt  tkan  tkeee 
twpaaaP  Ay  aacurtty  claaaiflcatiaa,  eatng  ataaParP  mtiand 
•ock  aa. 

(1)  "QkailfteP  re*uweter*  aay  okcaia  cay  lee  af  Ikla 
repen  frara  DDC’* 

(2)  "Facet  pi  iwumcwmm  aaP  Plaaatataatlaa  af  IIMa 
rapart  Ay  DDC  la  «*  aatAaniaP " 

( J)  "U  ft.  Oai  iiaaia  apawclaa  Mar  ePtale  caplaa  af 
UP*  rapart  PirecUy  born  DDC  Otka»  paallfiaP  DOC 
aaara  akall  repeat  tbraa# 


(4)  "V.  ft.  *Utary  apawclaa  way  etoate  caplaa  af  tfcie 

rapart  PPactly  Pm  DOC  Otkar  paaPIHaP  aaara 
•Pall  rapoaat  tAr*  ipft 


(5)  MAU  JlaPlkwtlaa  af  tkia  rapart  i*  oaalrallaPL  Oral- 
If  AaP  DDC  aaara  akall  r  aaara*  krwpA 


If  tka  rapart  kaa  kaart  fantf  akaP  ta  tka  Office  af  Taclmcal  ! 
ftarrlcaa.  Dap  wtwwt  af  C *  —  area,  far  aala  ta  tka  ptAllc.  lwPA-j 
cat#  tkia  fact  aaP  Mar  tka  pnea.  if  k*a«a 
|  IL  tUFFUMEirrAXr  NDTtt  Uaa  far  aPPluawal  iptara  I 
!  tary  art  aw 

II  WOlTKJftllMG  MXUTAXY  ACTTYTTT'  Eiaar  tka  aawa  af 
tka  Pap  art  ■  i  al*>  paafact  aftUa  pr  lakwrakary  f**iNap  fpar 
lr^  for)  tka  raa*wcA  aaP  fn  ihpawl  UckaP*  a4Am 
1  3  AOBTXACT  Eater  an  atairwrt  «i*»ap  •  Ariat  awP  factaal 
aawraary  af  tka  Pac wr w»  taPic at m  af  tka  rapart.  a*aa  tkawpk 
it  way  alaa  appaa r  alaaakar*  ta  tka  kaPy  af  tka  tacAwtcal  to- 
pan  U  aPPtttaaal  apaca  ta  naurrf.  a  cmlwatwa  akaat 
akall  Aw  attackaP. 

It  ta  kip  My  Paal/akla  tka*  tka  aAatrwct  af  claaolflaP  ra- 
pan*  ka  naclaaatfiaP.  Eack  parapapk  o*  tka  aka  tract  akall  j 
rai  arrtk  an  inPicatian  af  tka  wt  I  It  ary  aacwtty  ciaaatflcattaa  | 
af  tka  inf *rw>ai taa  hi  tka  pat*fT*pk.  lapraaawtaP  aa  fTTj.  f S A 
rCA  ar  <V) 

Tkara  i*  mo  Uwtiotian  «w  tka  laaptk  af  tka  akatract.  M*«  I 
a*ar.  tka  *w*|ta*trP  laaprk  ta  from  IV)  ta  22J  warpa. 

14  REV  VOXDft  R^y  «aap*  ara  tacknically  tnaarMNffal  tarwa  | 
or  a  kart  pkraaati  ikat  ckaraciaviaa  •  apart  awl  way  ka  aaaP  aa 
inPa*  awtriaa  far  catalaginp  tka  repan  Ray  warp*  waai  ka 
aalartrP  mo  ( kat  no  aacurtty  cl *aaif icat »•«  ta  rapuirep.  IPaa 
t»ar*.  aurk  aa  ayutpwM  wapal  Paetpaattan.  traPa  **■*. 
tary  arerect  raPa  mm.  ir<enpic  lacaiiaa.  way  ka  uaaP  a* 

•  ay  wartt*  kut  will  ka  followed  kv  an  mPicatton  of  tackniral 
owrat  Tka  aaatpnwrm  af  Itnka.  rulaa.  anP  a*a»pki*  »• 
opt  tana) 


